Objective-We investigated the molecular mechanism of nicotine-accelerated atherosclerosis in a hyperlipidemic low-density lipoprotein receptor Ϫ/Ϫ mouse model. Methods and Results-Low-density lipoprotein receptor Ϫ/Ϫ mice received time-release nicotine or placebo pellets for 90 days. Aortic lesion size was 2.5 times larger in nicotine-treated than in placebo-treated mice (PϽ0.001). A mild increase in lipids was seen in treated mice. We quantified 18 different serum cytokines and found a significant increase of tumor necrosis factor ␣, interleukin 1␤, and keratinocyte-derived chemokine in nicotine-treated mice. Among 107 nuclear factor B (NF-B) target genes screened from the aorta, we found that nicotine treatment upregulated only 4 atherogenic genes including vascular adhesion molecule 1 and cyclooxygenase 2 on day 60 and platelet-derived growth factor B and platelet 12-lipoxygenase on day 90. At the cellular level, nicotine induced tumor necrosis factor ␣ and inducible nitric oxide synthase expression in RAW264.7 cells via the nicotinic acetylcholine receptors. Induction was confirmed in peritoneal macrophages isolated from nicotine-treated mice. Finally, we showed that preconditioned medium from nicotine-treated RAW264.7 cells activated NF-B in human smooth muscle cells and vascular endothelial cells as evidenced by nuclear localization and electromobility shift assay.
C igarette smoking has been implicated in numerous diseases, including coronary artery disease. 1, 2 Nicotine is a predominant chemical among Ͼ100 constituents in cigarette smoke and has been suspected to be a causative agent for atherosclerosis for decades. The mechanism of the proatherogenic action of nicotine is still largely speculative. Although nicotine has been reported to cause an unfavorable lipoprotein profile in some animal models, there is no direct correlation between dyslipidemia and smoking in humans when lifestyle differences were corrected. Researchers have been searching for other potential proatherogenic effects of nicotine. A few in vitro studies suggest that nicotine damages cultured lung and aortic endothelial cells through overstimulation or desensitization of the nicotinic acetylcholine receptors ␣4␤2 (nAChR). [3] [4] [5] [6] Prolonged exposure to nicotine lead to nAChR desensitization, leading to cell bulking 7 and, eventually, detachment, implicating that nicotine effects are caused by direct injury to the arterial wall. Although non-neuronal nAChR exists in many cell types, including endothelial cells, smooth muscle cells, and macrophages, there has been no direct evidence for nicotine-mediated injury on endothelial cells in any in vivo studies reported to date.
Other than its potential role in initiating injury, nicotine was found to promote angiogenesis in apolipoprotein E-null mice. 8 In this model, nicotine enhanced lesion growth in association with an increase in lesion vascularity. The effect of nicotine, a 184% increase in en face aortic lesion size, was abrogated by a cylooxygenase (COX)-2 inhibitor. 8 However, absence of an effect of nicotine on angiogenesis obtained from several in vitro and in vivo studies in rats and in humans has also been reported. 9 -11 Some authors speculate that nicotine stimulates angiogenesis only in pathological settings. 8 Inflammation plays a key role in atherosclerosis, but nicotine has often implicated to be anti-inflammatory. For example, among several atherogenic factors found upregu-lated by nicotine, endothelial nitric oxide synthase mRNA synthesis was induced in cultured human coronary artery endothelial cells. 12 It is known that endothelial nitric oxide synthase may generate a low concentration of nitric oxide with antiatherosclerotic properties. Moreover, by cDNA microarray analysis, the same group 13 found that nuclear factor B (NF-B) was downregulated by nicotine in cultured endothelial cells. More recently, the ␣7 subunit of the nicotinic receptor was reported to be required for acetylcholine inhibition of tumor necrosis factor (TNF)␣ release from isolated C57 macrophages, implicating vagus nerve involvement in inhibiting the release of macrophage TNF␣ via the cholinergic anti-inflammatory pathway. 14 Because there are seemingly conflicting and nonreconcilable findings in different cell and animal models on the mechanism of action of nicotine, there was a call for additional studies to clarify how nicotine affects the interacting effects of different molecular players involved in nicotine-induced angiogenesis and atherogenesis. 15 Because nicotine indeed augments atherosclerotic lesion, and inflammation is known to promote atherosclerosis, we hypothesized that the major effects of nicotine on atherosclerosis are not those that pertain to the short-term, acute direct effects examined in most in vitro studies performed with cultured cells, but the long effects induced by chronic exposure. Herein, focusing on the effect of chronic nicotine exposure in low-density lipoprotein (LDL) receptor (LDLR) Ϫ/Ϫ mice, we demonstrate that nicotine produces a proinflammatory state that augments atherosclerosis via interacting factors produced by different cell types in this model of familial hypercholesterolemia.
Methods

Animal Treatments
We fed male LDLR Ϫ/Ϫ mice (6 to 8 weeks of age) on a C57BL/6 background (Jackson Laboratory; nϭ51) an atherogenic diet (Harlan Teklad) throughout the course of the experiment. Nicotine (90-day release, 5 mg) or placebo time-release pellets of 3 mm in size were implanted subcutaneously on the side of the neck with a 10-gauge stainless steel reusable precision trochar (Innovative Research of America). After 30, 60, and 90 days of treatments, we killed the mice for measurement of aortic lesion size and biochemical analysis. Details are available online at http://atvb.ahajournals.org.
Electrophoretic Mobility-Shift Assay
We prepared nuclear protein extracts from cultures of human aortic endothelial cells (HAECs), vascular smooth muscle cell (VSMC), and RAW cells and from isolated aorta essentially as described by Dignam et al 16 The biotinylated probe set including a cold probe (Panomics, Inc) for NF-B (5Ј-AGT TGA GGG GAC TTT CCC AGG C) was used. A DNA binding reaction containing 10 g of proteins in 10 mmol/L Tris (pH 7.6), 60 mmol/L NaCl, 1 mmol/L DTT, 4 mmol/L MgCl 2 , 1 mmol/L EDTA, and 5% glycerol was carried out in the presence of 1 g of poly d(I-C) and 10 ng of the biotinylated probe in 10 L at 22°C for 30 minutes. Reacted products were separated on a 6% nondenaturing polyacrylamide gel in 0.5ϫ TBE at 4°C. After electrophoresis, we transferred the gel by electroblotting to a nitrocellulose filter in 0.5ϫ TBE for 30 minutes at 300 mA at 4°C and exposed the nitrocellulose membrane to a UV crosslinker oven for 3 minutes. The signal was detected by ABCelite (Vector Labs) system and enhanced chemiluminescence (Amersham).
Immunohistochemistry and Quantitative Real-Time RT-PCR
We performed immunohistochemcial analysis on serial aortic sections (4 m) to investigate the localization of TNF-␣, COX-2, vascular cell adhesion molecule (VCAM)-1, inducible nitric oxide synthase (iNOS), macrophages (Mac 3), and P65/RelA. 17 For quantitative real-time RT-PCR, we extracted total RNA from the isolated aorta or from cultured cells and performed quantitative PCR using transferrin as a housekeeping gene. Details are available online at http://atvb.ahajournals.org.
Bioplex Mouse Cytokine Immunoassays and NF-B Target Gene Arrays
We used 96-well microplate-format Bio-Plex assays (BioRad) to quantify the serum levels of cytokines in 2 plates of either 8 (8-plex) or 10 (10-plex) cytokines and chemokines in a single well per plate and a Bio-Plex Suspension Array System to read the Bio-Plex cytokine assays as described by the manufacturer. Serum samples were stored at Ϫ80°C before the assays to avoid protein degradation.
Total RNA samples from nicotine-and placebo-treated mice of the different time points were extracted and pooled in groups from their isolated aortas. We synthesized cDNAs from RNA pooled from 5 mice per group and labeled them with biotinylated dUTP according to the manufacturer's protocol (the Mouse TranSignal NF-B Target Gene Array kit, Panomics). The biotin-labeled cDNA probes were then hybridized individually to the mouse TranSignal NF-B Target Gene Array membranes with cDNA prepared from the placebo and nicotine-treated mice. The chemiluminescence signals on the arrays were compared after exposure to the BioMax x-ray films.
Results
Nicotine Augments Aortic Lesion Formation
Male LDLR Ϫ/Ϫ mice, 6 to 8 weeks of age, were allowed to enter the 90-day treatment protocol. Chronic nicotine treatment using the 90-day time-release pellets produced a steadystate blood nicotine level of 56.86Ϯ22.9 ng/mL, which overlaps values that are reported in the literature for heavy smokers. 18 The blood nicotine and its metabolite, cotinine, remained at similar levels from day 30 up to day 90. The mice were fed an atherogenic diet (Harlan Teklad) throughout the entire period.
Nicotine had no effects on the body weight of these LDLR Ϫ/Ϫ mice. However, on day 90, we found that nicotine treatment increased en face aortic lesion size by 240% compared with that of the placebo-treated group, whereas at earlier time points on day 60 and day 30, aortic lesion areas were not significantly different in nicotine-or placebo-treated mice ( Figure 1 ). The finding of profound nicotine augmentation of atherosclerosis corroborates that observed with the oral nicotine-treated apolipoprotein E knockout mice at the age of 40 weeks (2-fold increase). 8 Total serum cholesterol was similar in nicotine-and placebo-treated mice from day 30 to day 60. On day 90, there was a 25% increase in plasma cholesterol in nicotine-treated over placebo-treated mice. Analysis of plasma lipoprotein profiles of the nicotine-treated mice showed that there was a modest elevation (25%) in very LDL cholesterol on day 90 in the nicotine-treated mice compared with the placebo-treated mice. Nicotine had no effect on the intermediate-density lipoprotein or LDL fractions during the entire course of treatment (please see online http://atvb.ahajournals.org). We note that nicotine was reported to induce an atherogenic lipoprotein profile in several animal models. 19 -21 However, our data showed that nicotine affects plasma lipids only in a modest manner in these dyslipidemic mice. MAC3 immunostaining showed similar macrophage infiltrations in the lesions at different stages of treatment (data not shown).
Nicotine Increases Serum Inflammatory Cytokines TNF␣, Interleukin 1␤, and Keratinocyte-Derived Chemokine
We examined inflammatory cytokines by measuring the serum concentration of cytokine nicotine-and placebotreated mice on day 90 ( Figure 2) . Among the 18 cytokines tested [RANTES, macrophage inflammatory protein (MIP-1␣), keratinocyte-derived chemokine (KC), colony stimulating factor (CSF), interleukin (IL)-17, IL-12 P70, IL-12 P40, IL-6, IL-3, IL-1␣, IL-1␤, IL-2, IL-4, IL-5, IL-10, granulocyte-macrophage-CSF, interferon (IFN)-␥, and TNF-␣], only 3 showed significant changes (PϽ0.05); TNF-␣ increased 100% (Pϭ0.028), IL-1␤ increased 50% (Pϭ0.02), and KC increased 75% (Pϭ0.004) over the placebo controls. TNF-␣, IL-1␤, and chemokine KC are cytokines that mediate and regulate innate immunity. In addition, CSF (Pϭ0.17) and MIP-1␣ (Pϭ0.09) also showed a trend toward higher levels, although the change was not statistically significant ( Figure  2 ).
Nicotine Upregulates NF-B Target Genes, VCAM-1, COX-2, and Platelet-Derived Growth Factor ␤ in the Aorta
NF-B is a transcription factor that mediates transcriptional responses to changes in the environment. TNF-␣ and IL-1␤ are ligands for signaling to NF-B via the TNF receptor and the Toll/IL-1 receptor. Oxidative stress and binding of cytokines to TNF receptor and Toll-like receptor, which are present in macrophages, and smooth muscle cells and endothelial cells initiate a signaling pathway leading to the activation of NF-B. All of these molecular effectors could lead to increased inflammatory reaction at the site.
We next performed a screen of NF-B target gene cDNA array (Panomics, 107 mouse targets) using RNA isolated from the aorta of control and nicotine-treated LDLR Ϫ/Ϫ mice. Only 5 [glutathione S-transferase, Wilms' tumor 1, VCAM-1, PTGS-2 (COX-2), and platelet-derived growth factor (PDGF)␤] of 107 genes tested displayed any significant change; all were found to be upregulated in the nicotinetreated group. We found no downregulation of any genes examined. Although the upregulated detoxifying enzyme, glutathione S-transferase, and Wilms' tumor 1 are interesting, we focused on the 3 proinflammatory factors and their possible effects on atherosclerosis. We verified the upregulation of the 3 NF-B proinflammatory target genes by quantitative RT-PCR. We analyzed RNA extracted from the aorta of the nicotine-and placebo-treated LDLR Ϫ/Ϫ mice at day 30, day 60, and day 90 of treatment ( Figure 3) . Nicotine treatment increased the expression of VCAM-1, COX-2, and PDGF␤ at all of the time points tested with the increase being statistically significant for VCAM-1 (330%) and COX-2 (540%) on day 60 and PDGF␤ (166%) and for platelet 12-LO (200%) on day 90 ( Figure 3A) . We also examined the expression of vascular endothelial growth factor c, another NF-B target gene that is an angiogenesis regulator, and found no apparent effect of nicotine on the level of vascular endothelial growth factor c transcripts in these mice (data not shown).
In addition to the quantitative assessment of the transcripts of these proinflammatory genes, we also corroborated the expression of these NF-B target genes at the protein level by immunohistochemistry in the aorta using antibodies to VCAM-1, COX-2, and PDGF␤ ( Figure 3B ). Immunohistochemical staining confirmed increased expression of these proteins in the aortic lesions.
Nicotine Induces TNF-␣ and iNOS Expression in Peritoneal Macrophages
To determine whether macrophages were a source of nicotine-induced increase in serum cytokines, we examined cytokine expression in peritoneal macrophages isolated from LDLR Ϫ/Ϫ mice (60 days). In nicotine-treated mice, the TNF-␣ mRNA level was significantly increased to 201.2% and iNOS mRNA to 187.5% compared with placebo-treated controls ( Figure 4A ). We detected no significant difference in the transcripts for the other cytokines tested, including MIP-1, MIP-2, IL-1␣ and IL-1␤ ( Figure 4A ).
We corroborated our study on isolated macrophages with an in vitro study by adding nicotine directly to the medium of cultured RAW 264.7 cells (monocytes and macrophages) and incubated them at 37°C for 17 hours ( Figure 4B ). We confirmed the significant stimulation of mRNA expression of TNF-␣ (Pϭ0.009) and iNOS (Pϭ0.03) by nicotine treatment in this system. The expression of iNOS mRNA increased to 210%, MIP-1 to 430%, and TNF-␣ to 225% in nicotinetreated RAW cells compared with untreated RAW cells ( Figure 4B ). To ensure that upregulation of these markers is mediated by stimulation of nAChR, we preincubated RAW cells with the selective ␣ 7 -nAChR antagonist ␣-bungarotoxin and showed that effects of nicotine were blocked in the presence of this antagonist ( Figure 4C) .
We additionally extended this study to examine the effect of nicotine on other cell types. In contrast to its action on macrophages, prolonged nicotine exposure did not significantly affect cytokine expression in human vascular smooth muscle cells, with no change in iNOS, and a 25% decrease of TNF-␣ compared with controls (data not shown). Human aortic endothelial cells also did not show any change (0%) in TNF-␣ mRNA expression after 17 hours of exposure. Our data were in agreement with a previously reported study in which human umbilical vein endothelial cells displayed a transient increase in TNF-␣ activity at 1 to 3 hours but activity returned to baseline by 24 hours. 22 Because nicotine induced iNOS and other cytokine expression in macrophages in vitro, we next investigated the molecular crosstalk between macrophages and smooth muscle cells and endothelial cells, the other major players in atherosclerotic lesion formation.
Nicotine Activation of NF-B by Macrophage Exudates
Because some NF-B target genes were upregulated in macrophages, we investigated the effects of nicotine on NF-B activation in the aorta of nicotine-treated mice. Normally, uninduced NF-B is sequestered in the cytoplasm by binding to inhibitory B proteins. Activation involves degradation of IkB and subsequent translocation of induced P65/RelA to the nucleus. IL-1, TNF-␣, and reactive oxygen intermediates are among the numerous agents that can activate NF-B. In the aortic lesions of placebo-treated mice, the staining of most of the cells in the intima with antibodies against P65/RelA appeared to be diffuse (background) or exclusively cytoplasmic, whereas in the nicotine-treated lesion, P65/RelA staining occurred mostly inside the nucleus ( Figure 5A ). In a parallel experiment, we preincubated RAW 264.7 cells in DMEM in the presence or absence of nicotine for 17 hours, then transferred the preincubated medium (designated P-RAW/N in the presence of nicotine and P-RAW/0 in the absence of nicotine) to the test cells in separate dishes and continued the incubation for another 17 hours. After the second incubation, the test cells were subjected to an electrophoretic mobility-shift assay (EMSA; Figure 5B ) and a nuclear localization assay ( Figure 5C ).
NF-B activation in HAEC, VSMC, and RAW 264.7 was assayed by nuclear localization of P65/RelA. Immunostaining revealed that P65/RelA in HAEC, VSMC, and RAW 264.7 cells became nuclear in deconvoluted images after these cells were incubated with P-RAW/N ( Figure 5C ). The P65/RelA staining remained faint or cytosolic when the 3 types of cells were incubated with P-RAW/0. Very faint staining was observed in untreated VSMC and HAEC incubated with DMEM or DMEM plus nicotine (DMEMϩN); in contrast, incubation of medium containing cytokines released from RAW cells with DMEMϩN (but not DMEM) resulted in activation of their own NF-B, causing P65/RelA to assume a nuclear localization ( Figure 5C ).
By EMSA, a shifted band corresponding to the P65/RelA DNA probe complex was readily detectable when the target NF-B DNA was incubated with nuclear extracts isolated from VSMC, RAW, and HAEC cells ( Figure 5B , left panel, lanes 1 to 2; right panel, lanes 2 to 4) that were exposed to DMEM preconditioned by prior incubation of RAW 264.7 cells in the presence of nicotine (P-RAW/N) but not with medium preincubated in the absence of RAW264.7 cells (P-RAW/0; Figure 5B, right panel, lane 1) .
Nuclear extracts isolated from the aorta of mice treated with nicotine in vivo also showed more P65/RelA complex than placebo controls ( Figure 5B , right panel, lanes 5 and 6). In the placebo control mice, the basal minor NF-B activation was likely because of lipidmia in this mouse model.
Discussion
We have corroborated previous reports 8, 15 on the proatherogenic effects of nicotine in vivo by demonstrating that nicotine has an enhancing effect on atherosclerosis in the LDLR Ϫ/Ϫ mouse model. The postulated molecular mechanism of nicotine action on atherogenesis has ranged from initiation to angiogenesis. [3] [4] [5] [6] [7] [8] In this study, we have discovered that nicotine augments the synthesis and secretion of proinflammatory cytokines and iNOS and the generated oxidative stress by monocytes and macrophages and their secondary effects on endothelial and smooth muscle cells in the aortic lesion. This is a novel finding. This sequence of events deviates significantly from a popular theory built on earlier work by Villablanca, 23 whose studies concentrated on the in vitro effects of nicotine on endothelial cells. In addition, we also found that the greatly increased atherosclerosis of 240% in nicotine compared with placebo-treated mice was completely out of proportion to the very minor difference in lipid and lipoprotein profiles of these 2 groups of mice. The fact that the markedly increased lesion size cannot be accounted for by the slight difference in lipid/lipoproteins is reminiscent of a similar situation in humans in which the observed increased serum cholesterol in smokers has been estimated to account for only 9% of the excess coronary artery disease risk. 1 The novel finding that nicotine augments proinflammatory cytokine synthesis in macrophages and stimulates their plasma concentration is the key entry point for understanding the molecular mechanism of nicotine-augmented atherosclerosis in this mouse model. The molecular crosstalk between macrophages and endothelial and smooth muscle cells, which occur in the lesion, was demonstrated by in vitro studies using cultured cells. The nicotine-conditioned medium (P-RAW/N) collected from preincubation with RAW264.7 cells activated NF-B in VSMC and HAEC as demonstrated by both P65/RelA nuclear localization and in EMSA. Our finding could explain the previously reported noneffects of nicotine on the endothelial cells and smooth muscle cells. In many of these in vitro studies, nicotine could only cause an effect when exogenous factors (eg, PDGF␤) or serum was added to the medium. [23] [24] [25] Based on the total data collected in this study, we propose the following scenario ( Figure II , available online at http:// atvb.ahajournals.org) depicting the mechanism of how nicotine augments atherosclerosis. Nicotine directly induces iNOS and TNF-␣ expression in monocytes and macrophages via the nicotinic acetylcholine receptors. In turn, the activated macrophages, after they infiltrate the lesion, activate the NF-B transcriptional factor in macrophages, smooth muscle cells, and endothelial cells with their secreted proinflammatory cytokines and generated oxidative stress. Of the NF-B target genes stimulated by nicotine, activation of VCAM-1 and COX-2 occurs first, followed by PDGF␤ at a later stage. The nicotine-accelerated expression of VCAM-1 on day 60 helps promote macrophage transendothelial migration. The concurrent increase of COX-2, which facilitates the progression of atherosclerosis, enhances vascular permeability, cell proliferation, chemotaxis, and influx of white blood cells, including phagocytes and lymphocytes, from the circulation into the tissue. 26, 27 Subsequently, nicotine additionally stimulates PDGF␤ synthesis in the lesion, which induces 12-LO in response to inflammation and promotes enhancement of angiogenesis 28 and thrombosis. 29 Interestingly, PDGF A-and B-chain mRNA levels are increased in monocytes from hypercholesterolemia patients. 30 The growth factor can additionally promote smooth muscle cell migration, as well as enhance nicotine-induced proliferation of endothelial cells at the later stages (day 90). 31 Whether this mechanistic pathway applies to other animal models or to human remains to be determined. Obviously, other genetic and environmental considerations need to be taken into consideration.
In conclusion, our study has enhanced our understanding of the molecular steps leading to nicotine augmentation of atherosclerosis in a mouse model and provides additional rationale for application of anti-inflammatory therapeutic approaches for atherosclerosis prevention and treatment in smokers and individuals with long-term nicotine usage.
